Cr-coated Ti wire was electrically exploded in N 2 gas. The diameter of Ti wire was 0.289 mm and the thickness of Cr coating was 0.033 mm, which corresponds to the average composition of about 25 at% Cr. X-ray diffraction and FE-TEM study revealed that the explosion products consisted of cube-shaped TiN, sphere-shaped Cr 2 N, and clusters of extremely fine particles. The average particle size of TiN and Cr 2 N was about 35 and 38 nanometers, respectively. The size of the fine particles was small as a few nanometers and clustered heavily. Therefore, it was not possible to examine individually. The particles contained about 28 at% Cr. In some part of the high resolution TEM image, cubic structure could be recognized. The lattice parameter of the particles calculated assuming cubic structure was smaller than TiN and larger than CrN. As a result, it was concluded that the fine particles are (Ti,Cr)N.
Introduction
Titanium nitride (TiN) has been studied extensively due to its excellent physical and chemical properties. The particulate form of TiN was prepared by various methods. Self-propagating high-temperature synthesis (SHS) was used frequently to produce TiN powders. [1] [2] [3] [4] Nanosized TiN particles were produced by carbothermaly reducing titanium oxides in N 2 atmosphere.
5) It was also synthesized by vaporphase reaction of titanium tetrachloride in N 2 or ammonia gases. [6] [7] [8] More recently, we also reported a successful synthesis of TiN nanoparticles by exploding Ti wire in N 2 gas. 9) Similiarly, (Ti,Cr)N has been studied recently in an effort to modify TiN and been prepared as thin film as a rule. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] However, no efforts have been devoted to synthesize (Ti,Cr)N as particulate form. The only study on this subject was conducted using a rather complicated precipitation method in which Cr 2 O 3 and TiO 2 nanocomposite powder were utilized. 24) We have been demonstrated that electrical wire explosion (EWE) would be a plausible method to synthesize various alloys and intermetallic nanoparticles [25] [26] [27] [28] and also nitride. 29) In this study, we elaborated further to synthesize (Ti,Cr)N nanoparticles by this method.
Experimental Procedure
The Ti-Cr wire for EWE was prepared by the electrodeposition of Cr on 0.289 mm Ti wire. The detailed procedure for the continuous electrodeposition set-up is described in our previous papers. 25, 26) The diameter of the Cr-coated Ti wire was 0.320 mm which gives the average composition of about 25 at% Cr. The Cr-plating solution consisted of 2.47 mol/L of chromic trioxide and 0.03 mol/L of sulfuric acid. The temperature for the deposition was maintained at 40 C. The Cr-coated Ti wire was then loaded to the chamber for explosion experiments. Explosion of Ti wire was conducted in a 30-liter airtight chamber. The chamber was evacuated preliminarily and filled with pure nitrogen gas at the chosen pressure. The wire was exploded under the nitrogen pressure of 0.1013 MPa. The capacitance of the exploding circuit was 3.5 mF. The applied voltage across the 20 mm-long wire was 11.4 kV. The total number of explosion for each condition was about 600. After the explosion, the powders were stabilized overnight and filtered through a 125 mm sieve to remove some misfired portions. The particles were then examined by Field-Emission Transmission Electron Microscopy at KBSI (FE-TEM, JEM 2100F, Jeol Ltd., Japan), and X-ray Diffraction (XRD, D/MAX 2200, Rigaku Corp., Japan) with Cu K radiation.
Results and Discussion
Previously, we reported the successful synthesis of singlephase TiN nanoparticles by EWE of pure Ti wire in N 2 gas. 29) We also conducted explosion experiments in Ar gas using the Cr-coated Ti wire which is the same as the one used in this study. 28) We produced -Ti and TiCr 2 nanoparticles which are the equilibrium phases of Ti-Cr alloy of the corresponding composition. However, neither of the phases was identified in this study when it was exploded in N 2 gas.
From the morphological point of view, the explosion products of this study can be classified into three categories. The 1st case was cube-shaped TiN. The 2nd was sphereshaped Cr 2 N. The 3rd was clustered particles of a few nanometers in size. Both TiN and Cr 2 N allowed straightforward identification by either selected area electron diffraction (SAED) patterns or diffractograms. However, the fine 3rd particles were difficult to be examined individually even under our high-resolution TEM due to their fine size and clustering tendency. Figure 1 shows the diffraction pattern of the explosion products. The pattern was indexed to cubic TiN (JCPDS 38-1420) and hexagonal Cr 2 N (JCPDS 35-0803) as marked on the pattern. At a glance, it appeared to be a single phase TiN * Corresponding author, E-mail: crystal2@kigam.re.kr owing to the weak Cr 2 N peaks because the main peak of Cr 2 N(111) overlaps with that of TiN (200) and, what is more, the 2nd strongest peak of Cr 2 N(002) is only 21% of the main peak. The lattice parameter of the TiN phase was calculated to be 0.42304 nm, which is slightly less than that of 0.42417 nm (TiN, JCPDS 38-1420).
The free energy of formation of Cr 2 N is lower than that of CrN. CrN is known to convert to Cr 2 N at temperatures above 1000 C. 30) Considering the thermodynamic stability of TiN and Cr 2 N phases, it appears to be reasonable that CrN phase was not observed in this study. This agrees with the result of A. Matsunawa and S. Katayama. 31) They reported that only Cr 2 N was synthesized by the laser ablation of pure Cr target in N 2 gas.
TiN and Cr 2 N phases were confirmed by TEM analysis. Figure 2 shows the TEM image (a) and corresponding diffractogram (b) of a cube-shaped particle. The diffractogram reveals that it has the cubic structure. The lattice parameter a was calculated to be 0:4224$0:4242 nm. The shape of TiN particle was exactly the same as we previously obtained by exploding pure Ti wire in N 2 gas. 29) Figure 3 shows the TEM image (a) and corresponding diffractogram (b) of a round-shape particle. The diffractogram was obtained by fast Fourier transformation and indexed to hexagonal -Cr 2 N (JCPDS 35-0803). The average particle size of TiN and Cr 2 N was about 35 nm and 38 nm, respectively. However, it should be noted here that we did not perform an extensive study to determine the particle size and distribution statistically since it was not the main subject of our study. Now returning to our attention to 3rd particles, our FE-TEM study was rather limited due to their fine size and clustering tendency. Nevertheless, efforts to elucidate the nature of the particles were made through careful study on high resolution images and diffractograms. Figure 4 shows the TEM micrograph (a), corresponding diffractogram (c), and higher-resolution TEM micrograph (b). As can be seen in this figure, the size of the particles is only a few nanometers. The diffractoragm on the left inset of Fig. 4(b) shows that the corresponding center region of the sample holds the cubic symmetry. The lattice parameter of the particles was calculated from the ring patterns of the diffractogram shown on Fig. 4 (c) assuming a cubic structure. The lattice parameter obtained thereby was 0.4206 nm, which is smaller than 0.42417 nm (TiN, JCPDS 38-1420) and larger than 0.4139 (CrN, JCPDS 11-0065). Therefore, it appears that the fine particles could be (Ti,Cr)N. Figure 5 shows the scanning transmission electron microscope (STEM) image and EDS spectrum of the fine particles. Their average composition was 50 at% Ti, 28 at% Cr, 22 at% N. It is known that the lattice parameter of (Ti,Cr)N decreases as Cr content increases. This appears to explain the lattice parameter value of fine particles which was located midway between TiN and CrN. Many reported relationships between the lattice parameter and Cr content of (Ti,Cr)N. Figure 6 summarizes the composition dependence of the lattice parameter. All data on Fig. 6 were taken from references. 12, 18, 21, 24, 32) The relationship between the lattice parameter and Cr content can be expressed as: 
Here, x is the atomic percent of Cr (at% Cr). If one puts the measured value of 0.4206 nm in this study in eq. (1), we get 34.5 at% Cr. It is slightly higher than that we measured by EDS (28 at%). Nevertheless, this is an acceptable agreement considering the experimental uncertainties involved in this kind of experiment. In any case, it appears reasonable to assume that the fine particles are (Ti,Cr)N in view of EDS and lattice parameter value. To Fig . 6 Variation of lattice parameter of (Ti,Cr)N with Cr content. 12, 18, 21, 24, 32) 
